A novel substrate-free uncooled IR detector based on an optical-readable method is presented and fabricated successfully. The detector is composed of a bi-material (BM) cantilever array, without a silicon substrate, which is eliminated in the fabrication process. Compared with the generally used sacrificial layer cantilever, the loss of incident IR energy caused by the reflection from and absorption by the silicon substrate is eliminated completely in the substrate-free structure. The IR radiation reaching the IR detector surface increases by over 80% in the case of the novel substrate-free detector array structure, compared to the sacrificial layer structure. Moreover, the substrate-free structure has less heat loss than the sacrificial layer structure. The results of thermal imaging of the human body show the detector is able to sense objects at room temperature. The experimental NETD was estimated to be 200 mK.
Introduction
Uncooled infrared radiation (IR) detectors have been given intensive attention for wide use in military, commercial and other civil areas [1] [2] [3] . Nowadays, research on microbolometers is the most common, and they have been shown to have a noise equivalent temperature difference (NETD) of about 50-100 mK [4] . Though they have such high resolution, the cost and power dissipation are extremely high and prevent their use in many civil applications, and the space for improving the performance is really small for the readout electronics [5] . With the development of micromechanical system (MEMS) technology, a MEMS-based uncooled optical-readable IR camera has been given more and more attention because of its high performance and low cost [6] .
Generally, bi-material cantilevers are used as the sensitive components. When the incident IR is imaged in the detector, the bending induced by the bi-material effect [7] is detected by the optical readout system and turned into a visible image. Earlier works have shown several types of optical-readable detectors. Mao et al [5] and Zhao et al [7] reported detectors with Si substrates, using different optical readout parts, in 1999 and 2002 respectively. Ishizuya et al [8, 9] created a cancel structure sensor with the pixel number of 160 × 120 in 2003. In these detectors, sacrificial layer structures, in which there is a distance of about 2-3 µm between the substrate and the micro-cantilever, are always employed to form the functional components. Thus the reflection and absorption by the Si substrate cause over 40% of the incident IR energy not to reach the detecting arrays. On the other hand, because of the small distance between the active components and the Si substrate, the releasing process easily leads to conglutination between the two parts to invalidate the sensor.
To eliminate the IR loss of the reflection and absorption by the substrate, a novel substrate-free detector with multifold legs and an interval gild structure has been developed in our group. There is no silicon substrate under the active parts in this structure, which has higher effective incident IR flux and less heat loss than the sacrificial layer structure. In this device, the multi-fold legs act as a deflection enhancement, while the interval gild functions as thermal isolation. With the optical readout system, thermal images of the human body have been obtained successfully at room temperature. Thermal and thermalmechanical analysis shows that the thermal conductance and the thermal-mechanical sensitivity are 1.3 × 10 −7 W K −1 and 0.025
, respectively. Analysis of the experimental system performance shows the NETD is about 200 mK. Figure 1 shows the schematic diagram of the whole IR imaging system. The system is composed of a series of lenses and a focal plane array (FPA), in which the FPA is the core of the system, and is sealed in a vacuum chamber to prevent dissipation of heat. Visible light that comes from the LED through the pinhole becomes parallel via lens 1, which is used as a collimating lens. Subsequently the parallel light is reflected by the pixels of the focal plane array (FPA) and then passes through lens 1 again, which now serves as a transforming lens. These reflected diffracting rays synthesize the spectra of the cantilever array on the rear focal plane of the transforming lens. When the incident IR flux is absorbed by a pixel, the pixel's temperature rises, and then causes a small deflection of the BM cantilevers because of the mismatch of thermal expansion coefficients between the two materials. Consequently the changes in the reflected visible light intensity distribution are collected and analysed by a CCD through the knife-edge filter placed in the focal plane of lens 2 that works as an imaging lens. Thus, the optical information is converted to a grey level change in the CCD and imaged.
IR imaging principle

FPA design and fabrication
The goal of FPA design is to enhance the pixel's mechanical response to maximize the grey level change of the CCD for a given IR flux while the pixel is restrained to a predetermined size. To optimize the performance of the FPA, several parameters, such as structure design, thermal and thermalmechanical properties, must be considered.
Structure design
With the extensive use of cantilevers as the active element in opto-mechanical infrared imaging systems, the optimization of the cantilever structure becomes more and more important. Generally, a sacrificial layer structure is adopted, in which each active component is fixed separately on the substrate through anchors. Thus, the incident IR flux must first get through the Si substrate and then be absorbed by the cantilever. The light propagating in the medium can be expressed as
where ω is the wave's frequency, n the refractive index, k the extinction coefficient and C the speed of light in vacuum. Z is the distance of propagation. The reflection coefficient H for the boundary between silicon and air is given by [11] 
where N 1,2 are the complex indices of refraction in the two media and defined as mentioned above. For silicon, k is several orders of magnitude smaller than n and can be ignored for the calculation of refractive coefficient. When the infrared radiation reaches the surface of the silicon substrate as shown in figure 2, transmission and reflection of the wave occur simultaneously. Then the transmitted IR will produce transmission and reflection at both of the two interfaces between the silicon and air continuously. Suppose the initial incident IR energy is 1, the ultimate transmitted IR energy can be expressed as 1 only 54% of the incident IR can reach the cantilever because of the existence of the Si substrate. Moreover, the absorption of the Si substrate is not taken into account because k of Si is really small. To reduce the IR loss, we develop a novel substrate-free cantilever which is fixed on the surface rather than on the silicon substrate. The substrate directly under the cantilever has been eliminated in the fabrication process. Figure 3 shows a schematic diagram of the substrate-free structure. Because there is no IR reflection by the Si substrate, the substratefree cantilever has a higher effective incident IR flux than the sacrificial layer cantilever with the same IR absorbing material in both of them.
For the interface between SiN x (n ≈ 1, k ≈ 1) and air (n = 1, k = 0), we can obtain H = 0.2. This means 80% of the IR radiation spreads in the SiN x . The attenuation function of the IR energy in SiN x is
where E 2 0 is the initial incident energy,
C ·ω·Z is the attenuation factor, and Z is the incident length. We can get Z ≈ 1 µm.
For our design of a 2 µm thick SiN x cantilever, the cantilever can absorb the IR energy spread in the film completely. That means that substrate-free cantilevers can absorb 80% of the incident IR energy. But the sacrificial layer cantilevers in the previous works [5, [7] [8] [9] can only absorb 54% of the incident IR energy at most. Comparing the above two types of cantilevers, the substrate-free one is more effective.
On the other hand, from the kinetic theory of air, the mean free path (MFP) of the air molecules can be described as
where K B = 1.38 × 10 −23 J K −1 is the Boltzmann constant, T the air temperature, d the diameter of the gas molecule and P the air pressure. Assume the air is at room temperature (∼300 K) and under a vacuum of 1 Pa, which are representative values, then the MFP of the air molecules can be calculated to be 93.2 mm. As the substrate-free cantilever has no substrate, the effective MFP is equal to that of air. The distance between the substrate and the cantilever in sacrificial layer structures is commonly about 2 µm, which is much smaller than the MFP. Therefore, the effective MFP in a sacrificial layer structure is equal to the gap distance (about 2 µm). That means the heat conduction in the air between the cantilever and the substrate in the sacrificial layer structure is more than that in the substratefree structure under same conditions. Thus, the substrate-free structure has either less heat loss and higher effective incident IR flux under the same vacuum or requires less of a vacuum for the same heat loss.
Based on a substrate-free structure, multi-fold legs and an interval gild were introduced into the pixel design. Figure 4 shows the thermal deflection principle; while 1(a) and 2(a) are non-metal-coated legs, which serve as thermal isolation portions, 1(b) and 2(b) are metal-coated legs, which act as thermal deflecting legs. When the incident IR radiation is absorbed by the pixel, the thermal deflecting legs will produce bending. If there is only a one-fold leg in the pixel, the bending angle is θ 1 . If there are two-fold legs, the bending angle is θ 1 + θ 2 . For multi-fold legs, the bending angle will be θ 1 + θ 2 + θ 3 + · · ·. In our design, two-fold legs are selected for fabrication reasons. Figure 5 shows the pixel's structure design. The pixel size is 200 × 200 µm 2 . A bi-material shell in the middle served as a reflecting mirror and IR absorber; a SiN x beam and Au-coated SiN x cantilevers are alternately located along both sides of the shell. SiN x is employed as an IR absorbing material and prepared by LPCVD, while Au is used as the reflector of the detecting light and evaporated with an electron beam. The incident IR flux absorbed by the SiN x shell can cause the temperature of the cantilever to rise. Because of the mismatch of thermal expansion coefficient of the two materials, the cantilever deforms and leads to a small angle change of the shell from its primary position. The CCD can detect the angle change of the shell through the spectrum changes of light reflected from the shell mirror. The SiN x beam is not deformed and serves only as a thermal isolation section to prevent the heat flowing away.
Thermal-mechanical analysis
To achieve a greater temperature rise of the pixel, the thermal conductance G needs to be as low as possible in the thermal design. For our design, G can be expressed as
where G air is the conductance of the gas. Consider that the FPA is placed in a vacuum chamber (∼1 Pa) in the experiment; so G air is about 10
. Compared to the total
), G air can be neglected. G leg is the conductance of all the metal-coated legs and non-metal-coated legs:
, (6) where n is the fold number of the legs, L leg the length of the leg, k the thermal conductivity of the leg material and A the cross sectional area of the legs. According to equation (2) , to reduce G leg one should choose low k materials and design the leg structure with a small area of cross section, big n and a long leg. Because of the fabrication limitation, n is designed to be two in this structure.
G rad is the radiation conductance of the pixel, which can be expressed as
where σ is the Stefan-Boltzmann constant, A the surface area of the IR-absorbing board, ε the emissivity of the pixel material and T the pixel temperature. As the surface area of the IRabsorbing board is far bigger than that of the legs, G rad of the legs is neglected. Consider a pixel in the FPA that is initially in thermal equilibrium with its surroundings. The pixel's temperature change T p due to the IR source's temperature change T s can be expressed as [10] 
where τ 0 is the transmissivity of the IR optical head (= 0.4), F no the f number of the IR imaging lens (= 0.7) and dP /dT t the fraction of the radiative energy emitted by the target source at temperature T t (∼300 K). Within the 8-14 µm spectral band [5] , dP /dT t = 0.63 W m −2 K −1 sr −1 . The deforming angle of the pixel is measured by optical readout and converted to a visible image, so the thermalmechanical sensitivity S T of one deforming leg can be defined as the ratio of the deforming angle θ to the temperature change T p of the pixel, which can be expressed as [10] 
where α are the thermal expansion coefficients and t the cantilever thickness. K is a structure parameter, which is given by 
where E is the elastic modulus. As α Au is far bigger than α SiNx , deformable legs can be considered to be isothermal parts. Suppose the temperature of the supporting frame is T + T p /2, the temperature of the IR-absorbing board is T + T p . The temperature of the two deformable legs near the IR-absorbing board is T + T p , while that near the supporting frame is T + T p /2. Consequently, the deforming performance of all the pixels can be expressed as
Tables 1 and 2 list the structure and thermal parameters of this design.
Fabrication
The FPA containing 100 × 100 pixels is fabricated with silicon bulk micro-machining technology.
The process consists typically of three steps of lithography-the etch window patterning, cantilever definition and thermal isolation patterning, as shown schematically in figure 6 . The first step is the deposition of a double-sided low stress SiN x film of thickness 2 µm, and then the wet-etch window is patterned on the backside of the wafer to form the region for releasing the sensor. Second, the topside SiN x cantilever is produced. This is followed by a thermal isolation mask and gold deposition to shape the sensor structure. Finally, the Si substrate between the sensor and wet-etch window is removed in a solution of KOH. Figure 7 shows a SEM photo of the FPA we designed.
Imaging results and performance analysis
Imaging results
In the experiment, an f/0.7 IR lens and a 12-bit CCD are used and the FPA containing 100 × 100 pixels is sealed in a vacuum chamber (∼0.1 Torr) to reduce the effect of convection and conduction of the air. Figures 8, 9 and 10 are the imaging results. In figure 8 , an IR image of a person's hand is obtained and five fingers can be identified clearly. The region surrounded by the yellow dotted circle is a hollow without pixels, which is created in the wet-etch process. Figure 9 is an IR image of a person standing 5 m away from the IR lens. Most of the profile of the man can be distinguished, but the arm circled by the yellow dotted ring is not clear. It is because the pixels in that region are blind pixels, which are not identical to the others because of the non-uniformity in the fabrication process. Figure 10 shows a lit lighter in a hand. The grey level of the flames is out of range because of its high temperature.
Influence of the cantilever's thickness
According to our knowledge of the mechanics of materials, when the deflection of a BM cantilever has reached its equilibrium state, the deflection quantity δ can be expressed as [10] 
where all the parameters are defined as in section 3. For a predetermined thickness and with same temperature rise, the deflection δ is the inverse ratio of the total thickness and will be greatest when the thickness ratio between two materials is equal to the inverse ratio of the square root between them. For our design the thickness ratio between Au and SiN x is 1/10 because of fabrication limits, which means the ratio is far from the optimized value. Therefore, increasing the thickness ratio between Au and SiN x or decreasing the total thickness can improve the performance of the FPA.
Correction for pixel non-uniformity
For this array device, the pixels' uniformity is a big problem when they are working. Each pixel in its own position will induce different temperature changes when absorbing IR energy from different parts of the heat source. So to reach the same temperature resolution among all the pixels one must keep a constant reference temperature for all the pixels. In our design, the SiN x supporting frame is deposited with a layer of gold of thickness 0.2 µm to increase the thermal conduction so as to average the reference temperature caused by the IR absorption. But this structure will result in a small bi-material bending of the supporting frame. Next, the silicon under the supporting frame that is thick enough will be preserved to restrain this bending. On the other hand, a constant temperature ring will be added to keep the FPA at a constant temperature.
Detection sensitivity of the system
The detection sensitivity of the system can be denoted by the minimum detecting angle θ min . Suppose the half-width of the zeroth order spectrum of the pixel along the deflecting direction can be expressed as λf/L y , where λ is the wavelength of the visible light, f the focus of lens 1 and L y the length of the reflector along the deflecting direction. The quantization level of the CCD is N, and then the half-height of the zeroth order spectrum of the pixel along the deflecting direction is quantized into N shares. When the pixel bends by an angle 2θf , the excursion of the pixel's spectrum is 2θf . So θ min can be expressed as
Consider our FPA: λ = 0.5 µm, L y = 184 µm and N = 4096 (for a 12-bit CCD). The minimum detection angle can be calculated to be θ min ≈ 3.32 × 10 −7 rad ≈ 1.9 × 10 −5 deg.
But several factors affect θ min in the experiment, such as: (1) if the intensity of the visible light can make the grey level of the CCD in the condition of full charge, (2) the noise level of the CCD, (3) if the reflector of the pixel is flat enough to make the pixel's spectrum narrow.
NETD estimation
Noise equivalent temperature difference (NETD) specifies the minimum detectable temperature difference, because the noise rating of an IR detector specifies the amount of radiation required to produce an output signal equal to the detector's own noise. Thus, the experimental NETD of the developed IR detector can be described as
where I noise is the grey level of the total noise and I / T s is the thermal response sensitivity of the system and defined as the grey level change when there is unit temperature change of the IR object. In our experiment, I noise and I / T s are considered in figure 7 . First, 32 thermal pictures with no IR objects were captured to obtain I noise . Then the thermal image of the hand was achieved to get I , while T s was the temperature difference between the environment and the hand. The experimental result showed I noise was 3, while the grey level change was 150 when the temperature of the IR object changed by 10.1 K. Thus, the average NETD of the system could be estimated to be about 200 mK.
Conclusions
This paper presents the design, fabrication and performance of a novel uncooled optical-readable IR detector with multi-fold legs and an interval gild substrate-free structure. Compared to the generally used sacrificial layer structures, substrate-free cantilevers have higher effective heat flux since the reflection of the substrate is eliminated. In addition, the heat loss due to the air conduction in a substrate-free structure is smaller than that in a sacrificial layer structure. The two-fold legs and interval gild structure are to increase the pixel's temperature rise to enhance the deflection of the cantilever. The whole FPA is 100 × 100 pixels and the pixel size is 200 × 200 µm 2 . LPCVD low-stress SiN x is used as an IR absorber, and this and Au were selected to be the two materials of the BM cantilever.
Thermal images of a person were obtained successfully in the imaging experiment and the profile of the person is clearly identified. The imaging results showed the device has the capability of detecting objects at near room temperature. Analysis shows the minimum detecting angle of the detector is 1.9 × 10 −5 deg and the average NETD is about 200 mK. Notice that the temperature fluctuation of the FPA will result in a non-uniformity in the pixels' performance. In our design, the surface of the supporting frame is covered with a layer of gold to keep the temperature of the sensors array approximately constant. In future works, a constant temperature ring will be introduced in the system design to keep the reference temperature of the sensors array constant.
There are still several defects in this device. First, a few blind pixels and holes without pixels produced in the fabrication process make part of the imaging not good. Improving the stability and uniformity of the equipment can solve this problem substantially. Moreover, the thickness of the cantilever is not the optimized value. Decreasing the total thickness of the cantilever or increasing the thickness ratio between Au and SiN x can enhance the sensitivity of the detector. If the thickness of SiN x is decreased to less than 1 µm, the incident IR flux will not be absorbed fully and part of the IR energy will be reflected at the interface of Au and SiN x . So we must add a resonant cavity [5] with a λ/4 gap to increase the IR absorption efficiency. Finally, the spatial resolution of FPA needs to be improved further.
